In the present study, vicine was extracted from sunflower seeds, and has been evaluated as a corrosion inhibitor for carbon steel alloy, at different concentrations and temperatures. Vicine showed maximum inhibiting efficiency of 97%, at 25 ºC. The inhibitor's efficiency was reduced when the temperature increased. Kinetic parameters (Ea, ΔH*, ΔG* and ΔS*) were calculated. The corrosion reaction was suppressed by vicine, because the energy barrier of the corrosion reaction was increased, and it became non-spontaneous, by an endothermic process. Furthermore, ΔHads, ΔGads and ΔSads were also calculated, and showed that the inhibitor was physically adsorbed by a spontaneous and exothermic process. The corrosion was inhibited by simple blocking the reaction sites. The adsorption process obeyed the Langmuir adsorption isotherm. The theoretical and experimental studies depicted that the inhibitor worked by a mixture of physicalchemical adsorption modes.
Introduction
Carbon steel is an important type of iron alloy that is more used in engineering materials, to produce 85 % of the annual steel production worldwide. Iron alloys are used in different areas, e.g., in marine applications, chemical processing, petroleum production and refining [1] [2] [3] . The corrosion of iron alloys significantly limits several applications. In fact, corrosion occurs either by the two different metals or alloys, and also if that metal or alloy is present in corrosive environments, such as saline, basic or acidic media. The jeopardizing of metals or alloys structures creates economics and safety issues, and causes pollution [4] [5] [6] . Acids such as hydrochloric acid are frequently used as pickling for cleaning processes in industry. Unfortunately, acid media are corrosive [7] [8] [9] . Hence, organic corrosion inhibitors are one of the treatments used to reduce the corrosive effect of metals or alloys, due to their ability to adsorb onto the metal surface, either by physisorption or chemisorption [10] . A common corrosion inhibiting mechanism involves the formation of a coating, often a passivation layer, which prevents metal corrosion. The corrosive agents are generally oxygen, hydrogen sulfide, and carbon dioxide. Oxygen is generally removed by reductive inhibitors, such as amines and hydrazides. Corrosion inhibitors are chemically adsorbed onto the metals surface, because they contain either one or more types of hetero atoms, such as N, S, P and O. Inhibitors usually show significant inhibition efficiency, although most of these substances are not only expensive, but also toxic. Therefore, plants have been used as a natural source of corrosion inhibitors, because of their low cost, abundant availability and, more important, their environmental safety [11] [12] [13] . In the present study, vicine was extracted from sunflower seeds; then, we studied its effect as a natural source of corrosion inhibitor for carbon steel alloy against acidic media, at different temperatures.
Experimental
Vicine extraction [14] 300 mL from 2 % acetic acid were added to 20 g of sunflower seeds dried powder. Then, the mixture was heated in a water bath to 70 ºC, for 8 hours, filtered and washed by an alcoholic brine solution of butanol. The organic layer was separated, evaporated under reduced pressure, and then removed, while the acidic aqueous layer was dried by putting it in a pottery dish for 24 hours, to obtain vicine. Then, vicine was kept in a dark container in a refrigerator, until it was used. Vicine's structure is shown in Fig. 1 . 
Corrosion study

Alloy composition
The composition of the carbon steel alloy used in this study is illustrated in Table  1 . Table 1 . Carbon steel alloy chemical composition.
Alloy Composition
Carbon steel 0.3%C, 1.2%Mn , 0.05%P , 0.06%S , Fe for balance (%by weight)
Specimens' preparation A carbon steel disc (1.4-1.7 cm diameter and 2-3 mm thickness) was grind and polished on its opposing faces, by an emery cloth paper, to 400 micron. Thereafter, the specimens were washed with distilled water and ethanol, and then dried with hot air. The specimens were stored in a desiccator containing silica gel, during the interval between polishing and polarization measurements.
Results and discussion
In this study, Tafel plots were used to evaluate vicine as a corrosion inhibitor in 0.1 M hydrochloric acid. The inhibitor concentration and the temperature effects were evaluated at 25 ºC, 35 ºC, 45 ºC and 55 ºC, as well.
Vicine concentration effect at a constant temperature The electrochemical data obtained from Fig. 2 are summarized in Table 2 .
We have summarized the data from Fig. 2 in Table 2 . Table 2 showed that the increase in the inhibitor concentration at 25 ºC led to a decrease in the corrosion current density and corrosion rate, while the resistance polarization and inhibition efficiency were increased. The same conclusions were found at 35, 45, and 55
ºC. However, when we made a comparison between the different temperatures effect on the inhibition efficiency, we concluded that the inhibition efficiencies at 25 ºC were higher than at 35 ºC, at which they were higher than at 45 ºC and, at this temperature, they were higher than at 55 ºC [15, [19] [20] . The cathodic and anodic Tafel slopes (Table 2) were unremarkably altered at the inhibitor presence, i.e., the inhibitor acted blocking reaction sites for the metal surface, without changing the anodic and cathodic reaction mechanisms [16] [17] [18] . The protonated inhibitor structure and the electrochemical reactions in HCl presence, as a corrosive environment, are explained in equations 1 and 2.
(oxidation reaction) (anode).
Equation 3 shows that the N atom protonation in vicine reduced the coordinate bond behavior with iron, through the lone pair of electrons for N with the Fe atom [18] .
Adsorption isotherm
In order to understand the inhibition mechanism, the inhibitor adsorption behavior was studied at 25, 35, 45, and 55 ºC, with and without vicine. From equation 4, the surface coverage (θ) degrees were calculated.
where C is the inhibitor concentration. These results depict that all the slopes were nearly close to unity. The results showed that the Langmuir`s adsorption isotherm was the best fitted isotherm, as shown in Fig. 3 . 
Thermodynamic calculations
The thermodynamic functions of the adsorption values (ΔG º ads, ΔH º ads and ΔS º ads)
were calculated according to equations 5 and 6.
where 55.5 is the water concentration in mol/L, R is the molar gas constant, and T is the absolute temperature [21] . The enthalpy of adsorption values was calculated using equation 6; the results are showed in Fig. 4 , and the data are summarized in Table 3 .
(6) Figure 4 . Thermodynamic adsorption functions for vicine on carbon steel alloy. From Table 3 , vicine's adsorption process showed a spontaneous exothermic adsorption, due to the negative signs of ∆Hºads and ∆Gºads values. Furthermore, ∆Gºads values were higher than -40 kJ.mol -1 . This means that the adsorption mode was chemical adsorption [22] [23] [24] . On the other hand, the standard adsorption entropy (∆Sºads) was obtained using the thermodynamic basic equation:
∆Sºads negative value showed that the disordering, in the inhibitor presence, was reduced due to the inhibitor adsorption onto the metal surface [21, 25] .
Activation parameters calculations
The thermodynamic functions for carbon steel dissolution, in the presence and absence of various vicine concentrations, were obtained by applying the Arrhenius equation and the transition state equation [26] [27] [28] . The data that were used to plot Arrhenius relationship are summarized in Table 4 , and the plotting is shown in Fig. 5 The activation parameters data are illustrated in Table 4 . From Table 4 , vicine's activation energy at all concentrations is greater than in its absence. That means the alloy corrosion was reduced in vicine's presence [8, 21] . The enthalpy of the alloy dissolution reaction in 0.1 M HCl, in vicine's presence, was higher than in the inhibitor absence. On the other hand, the positive sign of enthalpies refers to an endothermic nature of the alloy dissolution process [28] [29] . Furthermore, the data in Table 4 revealed that the entropy of activation values increased in the inhibitor presence, i.e., the increasing in disordering took place from the reactant to the activated complex [21, 30] . Comparing the data in Table 4 with the inhibition efficiency in Table 3 , it is observed that IE increased when the temperature increased, which is attributed to the chemical adsorption mode [29] .
Theoretical studies
Theoretical calculations were carried out using the Gaussian 03 program package [31] [32] . Vicine's geometry was optimized using the density functional theory (DFT) method with B3LYP [33] [34] [35] . The calculations were performed in a 6-31G + G (d.p) basis set [36] , whereas different calculations were carried out, such as HOMO and LUMO energies, and the dipole moment. DFT can be used to analyze the inhibition mechanism for the inhibitor on the metal or alloy surface, and describe the inhibitor structural role against the corrosion process [37] . On the other hand, DFT method includes the version that used three parameters of Becke's functional (B3), which is called B3LYP. DFT was used to calculate the chemical potential (μ), electronegativity (χ), hardness (η), softness (σ), fraction of electrons transferred from the inhibitor molecule to the metallic atom (ΔN), and LUMO and HOMO energies [38] . HOMO and LUMO are associated with the electron donating and withdrawing of the inhibitor molecule, respectively. HOMO's high values indicate that the molecules are ready to accept electrons, in contrast with LUMO values; HOMO and LUMO levels of vicine are shown in Fig. 7 . On the other hand, the gap between HOMO and LUMO (∆E) is an important index to the inhibition efficiency. ∆E low values indicate good inhibition efficiency [39] .
The optimized equilibrium structure of vicine is shown in Fig. 8 . The molecular properties of vicine are listed in Table 5 . Table 5 shows that EHOMO high value and ELUMO low value, with low ∆E, supported vicine's inhibition action on the steel's surface. ΔN (Table 5 ) has a positive value (44.04), where iron electronegativity is χFe = 7eV, and this value is greater than vicine electronegativity. That means that if the ability of the iron atom to accept electrons increases, then, vicine's adsorption behavior onto the iron surface will also increase. Furthermore, iron's global hardness (ηFe = 0) is lesser than vicine's hardness. Because of the difference between iron and vicine electronegativity, electrons will flow from vicine to iron, until the chemical potentials reach the equilibrium point. ΔN is calculated according to equation 10 [40] , when the electron affinity (A) is equal to the ionization potential of the metallic bulk (I=A), because iron in the alloy is softer than the neutral iron atoms, as shown in Table 5 .
Δ 10
The electronegativity and hardness are calculated according to equations 11 and 12 [41] . 11 12 I and A are calculated from equations 13 and 14.
13
When ∆N value is higher than 3.6, the electron donation should be decreased [41] . When we look at vicine's ∆N value (Table 5) , it can be seen that it is 44.04, which is higher than 3.6. That means that vicine's electron donation is decreased, and that IE was not solely due to vicine's electron donation ability, but also to the electrostatic force of attraction for some protonated sites to the iron surface [41] . Vicine's η and σ, from Table 5 , which are equal to 0.077 and 12.99, respectively, indicate that η and σ > 0, where η= 1/σ. These results imply that the charge transfer from the iron surface to vicine occurs according to back-donation. That effect is a factor responsible for vicine's inhibitive effect. Similar observation has been reported [41] [42] . Furthermore, the global electrophilicity index ( ) can be calculated according to equation 15:
15 Table 5 shows that vicine's electrophilicity global index has a small value ( = 0.308). That means vicine tends to behave as a nucleophile, and donates electrons to the iron surface [42] . The Mullikan charge values of vicine's atoms, as shown in Fig. 9 , are listed in Table 6 . The high negative Mullikan charges density concerned N, O, and some of the C atoms. The high negative Mullikan charges density made these atoms ready to adsorb onto the iron surface. In other words, the donating electrons of N, O, and some of the C atoms went to the unoccupied orbitals of iron. This means that iron will be attacked by vicine [41] . The positive Mullikan charge on vicine will be attacked by the occupied orbitals of iron. Vicine can accept electrons from iron through these atoms. In these cases, vicine's adsorption onto the iron surface will increase, and iron corrosion will decrease.
Conclusions
Vicine is a very good corrosion inhibitor for carbon steel alloy in a corrosive environment (0.1 M HCl at 25 ºC). Vicine showed high inhibition efficiency (97%), with optimal concentrations (50 ppm), at 25 ºC. The theoretical calculations of hardness, electronegativity, and an electrophilic index depicted that the inhibitor tends to donate electron density to the alloy, through O, N, and some of the C atoms, while the other carbon atoms in the inhibitor receive the electron density from the metal surface in the alloy. ΔN and Mullikan charges values gave the same results.
The higher values of inhibition efficiency at 35, 45, and 55 ºC will be 92%, 84% and 74%, respectively.
